We had previously found plant sterols deposited in the bodies of stroke-prone spontaneously hypertensive rats (SHRSP)/Sea and Wistar Kyoto (WKY)/NCrlCrlj rats that had a missense mutation in the Abcg5 cDNA sequence that coded for ATP-binding cassette transporter (ABC) G5. We used SHRSP/Izm, WKY/ NCrlCrlj, and WKY/Izm rats in the present study to determine the mechanisms for plant sterol deposition in the body. Jcl:Wistar rats were used as a control strain. A diet containing 0.5% plant sterols fed to the rats resulted in plant sterol deposition in the body of SHRSP/Izm, but not in WKY/Izm or Jcl:Wistar rats. Only a single non-synonymous nucleotide change, G1747T, resulting in a conservative cysteine substitution for glycine at amino acid 583 (Gly583Cys) in Abcg5 cDNA was identified in the SHRSP/Izm and WKY/ NCrlCrlj rats. However, this mutation was not found in the WKY/Izm or Jcl:Wistar rats. No significant difference in the biliary secretion or lymphatic absorption of plant sterols was apparent between the rat strains with or without the missense mutation in Abcg5 cDNA. Our observations suggest that plant sterol deposition in rat strains with the missense mutation in Abcg5 cDNA can occur, despite there being no significant change in the biliary secretion or lymphatic absorption of plant sterols.
It is well known that plant sterols reduce the serum cholesterol concentration in animals and humans. 1, 2) The deposition of plant sterols in the body is limited because of their low absorbability.
3) It has been reported that patients with sitosterolemia deposited plant sterols in the body and had various missense mutations in ABCG5 and ABCG8 which respectively code for ATP-binding cassette transporters (ABC) G5 and G8. 4) ABCG5 and ABCG8 are mainly expressed in the liver and intestine. Studies using knockout mice have suggested that ABCG5 and ABCG8 transported absorbed plant sterols and cholesterol from enterocytes to the intestinal lumen and from hepatocytes to the bile. 5) Stroke-prone spontaneously hypertensive rats (SHRSP) have been isolated from spontaneously hypertensive rats (SHR) that were themselves isolated from Wistar Kyoto (WKY) rats. 6, 7) We have found that SHRSP/Sea, SHR/ NCrlCrlj, and WKY/NCrlCrlj rats deposited more plant sterols in the body than did Wistar-King A (WKA)/ Sea or Sea:Wistar rats. 8) Since the former three rat strains had the same missense mutation, Gly583Cys, in Abcg5, 9, 10) we suspected that the plant sterol deposition was caused by this mutation. It is thought that the mutation inhabits the large extracellular loop between transmembrane domains 5 and 6 of ABCG5. However, no mutation in this region has been reported in humans, and the relationship between the mutation and malfunction of ABCG5/ABCG8 is not yet understood. We have tried to reveal the extent of the decreased function of ABCG5/ABCG8 in rat strains having the mutation in ABCG5. The lymphatic absorption of sitosterol in SHRSP/Sea and WKY/NCrlCrlj rats in our previous study was higher than that of WKA/Sea rats. 8) Since SHRSP/Sea and WKA/Sea rats were no longer available, we subsequently used SHRSP/Izm and Sea:Wistar rats, respectively. SHRSP/Izm deposited more plant sterols in the body than the Sea:Wistar rats.
11) The plant sterol deposition in SHRSP/Izm was comparable with that in SHRSP/Sea. However, we have shown that SHRSP/Izm did not have accelerated lymphatic absorption of plant sterols when compared to the absorption in Sea:Wistar rats.
12) The incorporation into the intestinal mucosa of SHRSP/Izm of radiolabeled sitosterol dissolved in the bile salt micelles was almost the same as that of Wistar rats, and no influence of the mutation in ABCG5 was apparent. 12) These results suggest that the deposition of plant sterols in SHRSP/Izm was not y To whom correspondence should be addressed. Fax: +81-22-717-8802; E-mail: iikeda@biochem.tohoku.ac.jp Abbreviations: ABCG5, ATP-binding cassette transporter G5; ABCG8, ATP-binding cassette transporter G8; SHRSP, stroke-prone spontaneously hypertensive rats; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto; WKA, Wistar-King A necessarily caused by any accelerated absorption of plant sterols. We added the WKY rat strains in the present study to confirm these observations in other rat strains, because it has been reported that WKY/NCrlCrlj rats deposited plant sterols and had a missense mutation in Abcg5. 9, 10) Two substrains of WKY rats, WKY/Izm and WKY/NCrlCrlj, are available in Japan. WKY/Izm and WKY/NCrlCrlj rats have been respectively used as the wild types of SHRSP/Izm and SHR/NCrlCrlj in basic studies on hypertension and stroke, 13, 14) so we added these two substrains in the present study. Although we had previously shown that the biliary secretion of plant sterols was lower in SHRSP/Sea than in WKA/Sea rats, a comparison of the biliary secretion among SHRSP, WKY, and Wistar rats had not ever been performed. The biliary secretion and lymphatic absorption of plant sterols were investigated in these rat strains in the present study.
Materials and Methods
Materials. The plant sterol mixture was kindly provided by Tama Biochemical Co. (Tokyo, Japan), the composition of which is expressed in weight percent: sitosterol, 46.2%; campesterol, 25.2%; stigmasterol, 23.1%; brassicasterol, 3.9%; and sitostanol, 1.5%. Fatty acid-free bovine serum albumin (BSA) was purchased from Wako Pure Chemicals (Tokyo, Japan). Triolein and 5-cholestane were purchased from Sigma (Tokyo, Japan), and sodium taurocholate (>97% purity) was purchased from Nacalai Tesque (Kyoto, Japan). [22,23- 3 H]--sitosterol (1.85-2.22 GBq/mmol) was purchased from American Radiolabeled Chemicals (St. Louis, MO, USA), and the pGEM-T Easy Vector system was purchased from Promega (Madison, WI, USA).
Methods. Experiment 1: Four-week-old male SHRSP/Izm (inbred, specific pathogen-free [SPF], n ¼ 7) and WKY/Izm rats (inbred, SPF, n ¼ 7) were obtained from Japan SLC (Shizuoka, Japan). Four-weekold male Jcl:Wistar rats (outbred, SPF, n ¼ 7) were obtained from CLEA Japan (Tokyo, Japan). Available diets generally contain plant sterols, so the rats obtained from breeders could already have deposited plant sterols in their bodies. To reduce the existing plant sterol level as much as possible, an AIN-93G-purified diet 15) containing 10% lard was fed ad libitum for 4 weeks. The plant sterol content in the lard was extremely low (sterol content expressed in weight percent: cholesterol, 0.05%; campesterol, 0.0011%; and sitosterol, 0.0013%). These rats were then fed ad libitum with the AIN-93G-purified diet containing a 10% lard and 0.5% plant sterol mixture for 1 week. At the end of the feeding period, the rats were anesthetized with diethyl ether and their bile ducts were cannulated. The rats were placed in restraining cages after the surgery, and bile was collected for 3 h. Immediately after collecting the bile, blood was withdrawn from the abdominal aorta under diethyl ether anesthesia and then centrifuged to obtain serum. The liver was excised and frozen at À80 C until needed for analysis. Total serum volume was calculated by using the following formula: serum volume (mL) ¼ 0:0291 Â body weight (g) þ 2:54.
16)
Experiment 2: Eight-week-old male WKY/NCrlCrlj rats (inbred, SPF, n ¼ 3) were obtained from Charles River Japan (Kanagawa, Japan). Eight-week-old male WKY/Izm and WKY/NCrlCrlj rats and four-week-old male SHRSP/Izm and Jcl:Wistar rats (n ¼ 3) were sacrificed by decapitation and their livers were collected. Total RNA was extracted from 1 g of liver by using the guanidine thiocyanate method as described by Sato et al., 17) and 1 mg of RNA was reverse transcribed. The rat Abcg5 primers were then designed with the following sequences: 5 0 -GCTGGCCATGAGTGAGCTGCCCTTTCTG for the 5 0 -primer and 5 0 -TCTTACCTATCTGCTAATCAGGTAGTCC for the 3 0 -primer. The reverse transcription-polymerase chain reaction (RT-PCR) was carried out as previously described. 18) We cloned the PCR product into the pGEM-T Easy Vector system to check the sequence with the DNA sequencer. The data were analyzed by using DNASIS (Hitachi Solutions, Tokyo, Japan) and investigated for the mutation status of the Abcg5 cDNA sequences compared with Brown Norway (BN) rats, whose sequence data status was available from the National Center for Biotechnology Information Rat Genome Database.
Experiment 3: Four-week-old male SHRSP/Izm, WKY/Izm and WKY/NCrlCrlj rats (n ¼ 8) were fed ad libitum with the AIN-93G-purified diet containing 10% lard for 4 weeks and then subjected to surgery. After the rats had been anesthetized with sodium pentobarbital given intraperitoneally (75 mg/kg of body weight), the left thoracic lymphatic duct cephalad to the cisterna chyli was cannulated as previously described. 19) A second indwelling catheter was placed in the stomach for administering a test emulsion. After surgery, the animals were placed in restraining cages and intragastrically given a solution containing 139 mM glucose and 85 mM NaCl at a continuous rate of 3.4 mL/h by an infusion pump until the end of the experiment. The same solution was given as drinking water. The next morning, a lipid emulsion composed of 200 mg of sodium taurocholate, 50 mg of fatty acid-free BSA, 200 mg of triolein, and 148 kBq [22,23- 3 H]--sitosterol in 3 mL was prepared by sonication and administered into the stomach via the gastric tube. Lymph was collected for 24 h into ice-chilled tubes containing EDTA. The radioactivity in the lymph was measured with a liquid scintillation counter. All animal studies were carried out under the guidelines for animal experiments of Tohoku University.
Lipids in the serum, liver, and bile were extracted and purified by the method of Folch et al. 20) After the total lipids had been saponified, the collected unsaponifiable matter was converted to trimethylsilyl ether and quantified by gas-liquid chromatography in a Supelco SPB-1 column (0:25 mm Â 60 m, 0.25-mm film thickness; Sigma-Aldrich, Tokyo, Japan), using 5-cholestane as an internal standard. The biliary total bile acid and phospholipid concentrations were respectively determined enzymatically 21) and by using the method of Rouser et al.
22)
Statistics. All data are expressed as the mean AE SE. The TukeyKramer test was used, p < 0:05 being considered significant. Table 1 shows that the food intake was lower in the SHRSP/Izm and WKY/Izm rats than in the Jcl:Wistar rats, so the plant sterol intake was expected to be lower in the former two strains. We therefore calculated the ratio of the plant sterol content in the serum, liver and bile to the total plant sterol intake. The percentage accumulation of plant sterols in the serum was highest in the SHRSP/Izm, then in the WKY/Izm rats, and finally in the Jcl:Wistar rats (Fig. 1A) . The percentage accumulation in the liver was significantly higher in the SHRSP/Izm than in the WKY/Izm or Jcl:Wistar rats (Fig. 1B) . The percentage accumulation in the serum plus liver was significantly higher in the SHRSP/Izm than in the other two strains (Fig. 1C) . The percentage of plant sterols that was secreted in the bile was almost equal among the three groups (Fig. 1D) , but the biliary excretion of bile acid and phospholipid was significantly lower in SHRSP/Izm than in the other two strains (Table 1) .
Results
We observed in the present study a greater deposition of plant sterols in the serum plus liver of SHRSP/Izm, although no deposition was seen in the WKY/Izm rats. It was therefore necessary to determine whether the WKY/Izm rats had a missense mutation in Abcg5. We investigated mutation in the Abcg5 cDNA sequence in the SHRSP/Izm, WKY/Izm, and Jcl:Wistar rats, in addition to the WKY/NCrlCrlj rats which had already been established to have the missense mutation in Abcg5. Table 2 shows that only a single non-synonymous nucleotide change, G1747T, resulting in a conservative cysteine substitution for glycine at amino acid 583 (Gly583Cys) in ABCG5 was identified in the SHRSP/Izm and WKY/NCrlCrlj rats. However, this mutation was not found in the WKY/Izm or Jcl:Wistar rats. In addition, a novel mutation, T741C, was found in the Abcg5 cDNA sequence of all the four examined strains and was a synonymous single nucleotide polymorphism. Table 3 shows there was no significant difference in the lymphatic 24-h recovery of [22,23- 3 H]--sitosterol among the three strains.
Discussion
There are two pools of sterols in the body, one being rapidly exchangeable and the other slowly exchangeable.
23) The rapidly exchangeable pool is found in the serum and liver. A high plant sterol diet was fed to rats for 7 d in the present study. The plant sterols are thought to have mainly been deposited in this rapidly exchangeable pool. We therefore measured the deposition of plant sterols in the serum and liver.
We found high plant sterol deposition in SHRSP/Izm, but not in the WKY/Izm or Jcl:Wistar rats. The cDNA sequences of Abcg5 in the SHRSP/Izm, WKY/ NCrlCrlj, and WKY/Izm rats reveals that the WKY/ Izm rats did not have a missense mutation resulting in a coding change at Gly583Cys in ABCG5. Our results strongly suggest that the lesser level of plant sterols deposited in the WKY/Izm and Jcl:Wistar rats was due to the lack of this mutation in Abcg5 cDNA.
We had previously shown that although SHRSP/Izm had a higher rate of plant sterol deposition than the Sea:Wistar rats, the lymphatic recovery of the plant sterols did not differ significantly between these two rat strains.
12) The results of the present study showed no significant difference in the lymphatic recovery of sitosterol among the SHRSP/Izm, WKY/NCrlCrlj, and WKY/Izm rats. These results support our previous view that the plant sterol deposition in rat strains with a missense mutation in Abcg5 cDNA was not caused by any significant increase in intestinal plant sterol absorption.
12) The animals were fed ad libitum with an AIN-93G-purified diet containing 10% lard for 4 weeks, and then fed ad libitum with the AIN-93G-purified diet containing a 10% lard and 0.5% plant sterol mixture for 1 week. Data are presented as the mean AE SE of 6-7 rats per group.
abc Different letters show significant differences at p < 0:05 in the Tukey-Kramer test.
1 Percentage of plant sterol content in the serum, liver, or bile to the plant sterol intake (mg/7 d). 
Ã the Abcg5 mRNA sequence of BN/SsNHsdMCW rats was obtained from the National Center for Biotechnology Information Rat Genome Database.
ABCG5 and ABCG8 are mainly expressed in the intestine and liver. Plant sterols are thought to be excreted into the bile through ABCG5 and ABCG8. It has been suggested that ABCG5/ABCG8 are critical to sterol excretion into the bile. 24) Since the lymphatic absorption of plant sterols was not accelerated in SHRSP/Izm, we speculate that biliary plant sterol secretion could be suppressed with the mutation in Abcg5 and, therefore, could cause plant sterol deposition throughout the body. 12) In fact, in our previous study, the biliary secretion of plant sterols in SHRSP/Sea fed with a 0.5% plant sterol diet for 2 weeks was significantly lower than that in WKA rats. 8) However, in the first experiment of the present study, the amount of plant sterols in the bile was almost equal among the SHRSP/ Izm, WKY/Izm, and Jcl:Wistar rats, although SHRSP/ Izm deposited more plant sterols than the WKY/Izm or Jcl:Wistar rats did. Our results do not demonstrate the mechanism for plant sterol deposition in the rat strains having a mutation in Abcg5. Our observations do however suggest that the degree of suppression of sterol excretion caused by a mutation in Abcg5 was very small in the rat strains used in the present study and that disruption of the delicate balance between plant sterol absorption and excretion induced gradual plant sterol deposition in the body.
Alternatively, we suggest another possibility that the level of biliary plant sterol secretion could be impaired in rat strains that have a mutation in Abcg5. The ratio of plant sterol content in the bile to that in the liver was significantly lower in SHRSP/Izm than in the other two strains (Table 1) . This finding might show that the biliary plant sterol secretion was impaired in SHRSP/ Izm. It is possible that, in the early stage of plant sterol diet consumption, biliary secretions were lower in SHRSP/Izm than in WKY/Izm rats and, therefore, that plant sterol deposition was higher in SHRSP/Izm. The biliary secretion of plant sterols in SHRSP/Izm might have subsequently been stimulated by the increased plant sterol deposition in the liver. This is only a speculation, however, and more in-depth studies are necessary to elucidate the influence of a missense mutation in Abcg5 on biliary plant sterol secretion.
The secreted amount of biliary plant sterols in SHRSP/Izm was 23 mg/3 h (Table 1 ). This result means that 184 mg/24 h of plant sterols were secreted to the bile. The plant sterol intake by SHRSP/Izm was 534 mg/7 d. Since the lymphatic 24-h recovery of sitosterol was 3.72% (Table 3) , the average amount of absorbed plant sterols was 19.9 mg/7 d. This means that 2.84 mg/d of plant sterols was absorbed in the body. The estimated rate of biliary plant sterol secretion to that of plant sterol absorption was only 6.5%. These figures suggest that the biliary secretion of plant sterols is not an important component of their excretion from the body. Recent studies have shown that a considerable amount of cholesterol was directly secreted to the intestinal lumen from intestinal cells, in addition to the known biliary secretion. 25) Our results suggest that a significant amount of plant sterols might be secreted via the same pathway as that for the case of cholesterol excretion. Since it is not clear why plant sterol deposition was higher in SHRSP/Izm than in the other normal rats in the present study, a more detailed study on plant sterol excretion from the body is necessary.
We thought that the Gly583Cys mutation in ABCG5 caused the deposition of plant sterols in the body of the SHRSP/Izm. However, it is not clear how the Gly583-Cys mutation caused a malfunction of ABCG5/ABCG8. The mutation inhabits the large extracellular loop between transmembrane domains 5 and 6 of ABCG5. 10) No mutation in this region has been reported in humans, although various mutations have been found in ABCG5 and ABCG8 of humans. A mutation at Leu596Arg in ABCG8 has been reported in a sitosterolemic patient, 4) and it has been found that ABCG8 had a similar conformation to that of ABCG5. 4) It is therefore thought that the Leu596Arg mutation in ABCG8 inhabited a region similar to the Gly583Cys mutation in ABCG5. 4) The results suggest a possibility that the Gly583Cys mutation in ABCG5 influences the function of ABCG5/ ABCG8.
We used Wistar rats as the control strain in our previous 13, 26) and present studies, because they have no missense mutation in Abcg5. However, the food intake and, hence, plant sterol intake by the Wistar rats was considerably higher than that by the SHRSP/Izm strain. We therefore restricted the food intake by the Wistar rats in our previous study, and adjusted the food intake to be the same for the SHRSP/Izm and Wistar rats. 13, 26) However, food intake restrictions can influence the ABCG5 and ABCG8 function, because the blood insulin level influences the hepatic expression of Abcg5 and Abcg8. 27) Our study shows that the WKY/Izm rats did not have the mutation in Abcg5. The food intake by the WKY/Izm rats was comparable to that by the SHRSP/ Izm and WKY/NCrlCrlj rats. We therefore believe that WKY/Izm rats are a suitable control rat strain because they have no missense mutation in Abcg5.
In conclusion, our observations indicate that plant sterol deposition in the rat strains with the missense mutation in Abcg5 can occur, despite no significant change in the biliary secretion or lymphatic absorption of plant sterols. Further studies on plant sterol absorption and excretion in the ABCG5 mutation rats are necessary. 
